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We have developed a fast two-dimensional residual circulation stratospheric model. In order to
calculate possible effects of long-term changes for trace gases for a large number of scenarios and to
examine the model sensitivities to dynamical and photochemical assumptions and inputs, the model is
designed to minimize computer requirements. The species continuity equations are solved using
process splitting, that is, by successively applying the operators associated with advective changes
with photochemical and diffusive forcing. The first study undertaken with this model concerns family
chemistry approximations, in which groups of species are related by photochemical equilibrium
assumptions and transported as one species. These assumptions are tested by comparing results for
the family transport model (FTM), in which odd nitrogen (NO, = N + NO + NO, + NO; + 2N,O4
+ HO,NO, + CIONO, + HNO,) is transported as a family, with the results for a separate transport
model (STM) in which HNO,, HO,NO,, CIONO, and N,Qs are transported separately from NO, = N
+ NO + NO, + NO;. Two cases are considered: (1) a current atmosphere annual cycle; and (2) a
typical scenario for increased fluorocarbons, methane, and nitrous oxide. Although there are
differences in odd nitrogen species partitioning, especially at high latitudes, the calculated O,
distributions are nearly identical. For the perturbation scenario the annual average column ozone
change and its temporal and spatial characteristics are nearly the same for the FTM and the STM.

INTRODUCTION

It has long been recognized that photochemical equilib-
rium relationships control the concentrations of some of the
trace species that are important in stratospheric photochem-
istry [e.g., Nicolet, 1965; Crutzen, 1971]. Such species are
identified as a family because the reactions by which family
members are interchanged are rapid compared to the reac-
tions that result in a net change in family concentration. In a
model the family is transported and acted on by the net
photochemical source, and the individual species are calcu-
lated from the equilibrium relationships. There are signifi-
cant practical gains to be had from these assumptions,
including reduction in the number of species for which the
continuity equations must be solved, an increase in the
photochemical time scale, and elimination of a diurnal cycle
for the transported family, even if the individual members
exhibit diurnal variations. Results from family approxima-
tion calculations have been found to agree with results from
separate species calculations in one-dimensional middle-
latitude models [e.g., Solomon, 1981; Cicerone et al., 1983].
Furthermore, the diffusion term used to represent transport
by nonzonal processes may be a better description of family
transport than individual member transport. The constituent
flux is related to the horizontal and vertical constituent
gradients and to diffusion coefficients, which are derived for
conservative tracers. Pyle and Rogers [1980] considered the
problem of calculating transport for reactive species using
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the same diffusion coefficients for each species, and they
showed that the errors in the calculated flux for reactive
species were larger than for longer-lived families.

Although these approximations are used in many two-
dimensional models [World Meteorological Organization
(WMO), 1981], the photochemical lifetime in the lower
stratosphere during high-latitude winter becomes long for
species such as HNOQO;. In these situations family approxi-
mations fail, and although the total family concentration may
be calculated correctly, the partitioning among the species
may be in error.

In order to perform sensitivity studies to dynamical and
photochemical inputs and assumptions that are required in
developing two-dimensional models, we have developed a
fast two-dimensional residual circulation stratospheric
model. In this model the species continuity equations are
solved using process splitting to combine advective changes
with photochemical and diffusive forcing. Using a 1-day time
step, | year of model integration is completed in less than 30
min, using a Floating Point Systems 164, which is attached to
a VAX 11/780. This model has been used in sensitivity
studies. In a companion paper [Jackmanr et al., this issue] we
consider the sensitivity of calculated total ozone to dynam-
ical inputs. In this paper we examine the use of family
approximations for the odd nitrogen family. Calculations of
species concentrations for the present atmosphere and for
the atmosphere resulting from a standard perturbation sce-
nario are compared for the baseline family transport model
(FTM) and for a separate transport model (STM). In the
FTM, NO, = N + NO + NO, + NO; + HNO; + CIONO,
+ 2 N,O5 + HO,NO, is transported as a family, and in the
STM, NO, = N + NO + NO, + NO; is transported as a
family, and HNO;, N,0O;, CIONO, and HO,NO, are trans-
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TABLE 1. Lower Boundary Conditions for Al Transported
Species

Species Type of Boundary Condition Value
N,O mixing ratio 300 ppbv
CH, mixing ratio 1.6 ppmv
cO mixing ratio 100 ppbv
H, mixing ratio 500 ppbv
CH,00H flux 0.0cm s
CH,ClI mixing ratio 700 pptv
CH,CCl; mixing ratio 100 pptv
CCl, mixing ratio 100 pptv
CFCl4 mixing ratio 170 pptv
CF,Cl, mixing ratio 285 pptv
0, deposition velocity 0.lcms™!
NO, mixing ratio 100 pptv
Cl,’ flux 0.0cm™2s™!

ported separately. Good agreement between calculated spe-
cies concentrations and the ozone response indicates the
general applicability of the family approximations.

MoDEL DESCRIPTION

The two-dimensional residual circulation stratospheric
model used for these comparisons covers the latitude range
from 85°S to 85°N in 10° bands. The altitude ranges from the
surface to about 60 km (0.23 mbar). The 30 vertical levels are
equally spaced in log pressure, corresponding to a separation
of about 2 km. Major species N, (78% of the atmosphere)
and O, (21% of the atmosphere) are calculated by solving the
hydrostatic equation, using monthly average temperature
fields from the National Meteorological Center (NMC) for
1000-0.4 mbar and CIRA (1978) above 0.4 mbar [Rosenfield
et al., 1987]. The stratospheric H,O distribution is fixed and
taken from limb infrared monitor of the stratosphere (LIMS)
measurements. Previous two-dimensional (2D) model com-
putations, which were shown to agree with specific humidity
data [Newell et al., 1972] are used for tropospheric values
[Jackman er al., 1987]. This model calculates 34 other minor
species. The family approach is used to transport three
groups of species: O, (05, O('D), OCGP)), NO, (N, NO, NO,,
NO,;, HNO;, HO,NO,, N,O;, CIONO,), and CI, (Cl, CIO,
HCI, HOCI, CIONO,). Other transported species include
source gases (N,O, CH,, H,, CFCl;, CF,Cl,, CH,Cl, CCl,,
CH,CCl;) and minor species, which are produced photo-
chemically but are subject to transport effects (CO,
CH,00H). The odd hydrogen species (H, OH, HO,, H,0,)
and hydrocarbons (CH,, CH,0, CH;0,, CH,0, CHO) are
calculated using photochemical equilibrium assumptions.
Lower boundary conditions for the transported species are
given in Table 1. The upper boundary for all transported
species is zero flux. We have included odd nitrogen sources
from galactic cosmic rays [Jackman et al., 1987], and the H2
lightning source of Ko et al. [1986].

Photolysis and Chemical Reaction Rate
Constant Data

Reaction rate constants are updated monthly when the
temperature changes. Binary rate constants, given in Table
2, and tertiary rate constants, given in Table 3, are taken
from DeMore et al. [1987]. Daytime average values of
photolysis reaction rates (Table 4) are calculated at 10-day
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intervals, using the two-stream radiative transfer method of
Herman [1979], which is based on the matrix operator
method of Plass et al. [1973]. Effects of spherical geometry
are approximated by use of the Chapman function [McCart-
ney, 1976]. Cross sections are taken from DeMore et al.
[1987]; the calculations of the photolysis rates for the Schu-
mann-Runge bands of O, and the gamma bands of NO follow
Allen and Frederick [1982]. The 39 wavelength intervals,
including the 17 spectral regions of the O, Schumann-Runge
bands, are given with solar lux values [WMO, 1986] in Table
5.

Circulation and Diffusion

The circulation is calculated from the heating rates, fol-
lowing Dunkerton [1978], and like the temperature field is
updated monthly. Sensitivity of model results to the circu-
lation is discussed by Jackman et al. [this issue]. Between
1000 and 100 mbar, the heating rates, including latent heat,
are taken from Dopplick [1974, 1979]. From 100-0.23 mbar
(the top of the model), the heating rates are taken from
Rosenfield et al. [1987]. The zonally averaged meridional
wind 7 is calculated from the zonally averaged vertical wind
field w, so that a constant tracer field is unchanged when
acted on by the nondispersive transport scheme outlined by
Prather [1986]. The seasonal and latitudinal variability of the
total ozone distribution produced with this circulation com-
pares well with solar backscattered ultraviolet (SBUV) and
Total Ozone Mapping Spectrometer (TOMS) measurements
of total ozone [Jackman et al., this issue]. The changes with
time in the calculated ozone distribution are relatively
smooth, indicating that monthly updating of the circulation
and temperature distribution is sufficient.

The diffusion terms, e.g.,

I 9 [ I 9 x}
— — |mK,, —— —
R cos 600 >R cos 000
where y is the mixing ratio, € is the latitude, R is the radius
of the Earth, m is the number density, and K, is the
diffusion, are evaluated at each grid point i, using centered
differences. The term in brackets is evaluated at half points
i+ 1/2 and i — 1/2 by interpolating m and K. and by using
centered differences for dx/d6, i.e.,

ax
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Evaluating the derivatives is straightforward, and assuming
that there is zero diffusive flux at the boundaries, the integral
of the diffusion terms is zero. The K, values are calculated
from a computation of the potential vorticity, using the same
temperature data set as the circulation [Newman et al., 1988,
Jackman et al., 1988]. The K, values are related to these
K,, values through the potential temperature gradients
[Newman et al., 1986, 1988]. The K, distribution simply
relates the mixing on isentropic surfaces to the mixing on
pressure surfaces. We use fixed K, of 2 x 10° cm?s™ ' in the
stratosphere. This is approximately the value suggested by
Ko et al. [1985], but it is substantially smaller than the values
used by Solomon et al. [1985], which range from 1 x 10* cm?
s~ 'at 20 km to 2 X 10° cm® s~ ' at 60 km. Model sensitivity
to K.. is considered by Jackman et al. [this issue]. In the
troposphere, K. increases with decreasing altitude from the
stratospheric value at the tropopause to 1 X 10° cm? s~ ' at
the ground.
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TABLE 2. Binary Reactions and Rate Constants

Reaction
No. Reaction Rate Constant
1 0+0,—-0,+0, k, = 8.0(—12) exp (—2060/T)
2 OH + 0, — HO, + 0, ky = 1.6(—12) exp (—940/T)
3 HO, + O;—>OH + 0, + O, ks = 1.1(—14) exp (—500/T)
4 ClO + HO, — HOCI + O, ks = 4.8 (—13) exp (700/T)
5 Cl + H,0, — HCI + HO, ks = 1.1(—=11) exp (—980/T)
6 o('D) + M— OCP) + M ke = 0.78 [1.8(—11) exp (110/7)]
+ 0.21 [3.2(—11) exp (70/T)]
7 NO + 0, — NO, + O, k; = 2.0(—12) exp (—1450)/T)
8 NO, + O; — NO, + 0, kg = 1.4(—13) exp (—2500/T)
9 H+ 0;—-OH + 0, kg = 1.4(—10) exp (—470/T)
10 OH + CIONQ, — HOCI + NO, ki = 1.2(—12) exp (—330/T)
11 CH, + OH — CH, + H,0 k= 2.3(—12) exp (—1700/T)
12 CH;0, + NO — CH,0 + NO, ki, = 4.2(—12) exp (180/T)
13 OH + CH,Cl — H,0 + CI + products k3 = 1.7(—12) exp (—1100/T)
14 CH,0 + O, — CH,0 + HO, ks = 3.9(—14) exp (—900/T)
15 HO, + HO, — H,0, + O, ks = 2.3(—13) exp (600/T)
16 N+0,—-NO+O kig = 4.1(—12) exp (—3200/T)
17 CH,0 + O— HCO + OH ki = 3.4(—11) exp (—-1600/7)
18 CH,0, + HO, — CH,00H + 0O, kig = 7.7(—14) exp (1300/7)
19 Cl + H,—» HCI + H ki = 3.7(—14) exp (—2300/T)
20 Cl+ 0;—ClO + 0, kyo = 2.9(—11) exp (—260/T)
21 CO+0—-Cl+0, kyy = 3.0(—11) exp (=70/T)
22 Cl + CH,— HCl + CH,4 kyy = 1.1(—11) exp (—1400/7)
23 HCI + OH — CI + H,0 kyy = 2.6(—12) exp (—350/T)
24 ClO + NO— Cl + NO, kyy = 6.4(—12) exp (290/T)
25 OH + H,0, — H, + HO, ks = 3.3(—12) exp (—200/7)
26 H, + OH— H,0 + H kye = 5.5(—12) exp (—2000/T)
27 N,Os + M— NO, + NO; + M ko, [see DeMore et al., 1987]
28 O + H,0,— OH + HO, kyg = 1.4(—12) exp (—2000/T)
29 O + CIONQO, — CIO + NO, ko = 2.9(—12) exp (—800/7)
30 CO+OH—CO,+H k3o [see DeMore et al., 1987]
31 HNO; + OH — NO, + H,0 ks, [see DeMore et al., 1987]
32 NO + HO, — OH + NO, ks = 3.7(—12) exp (240/T)
33 H,O0 + O('D) — OH + OH ki3 = 2.2(—10)
34 OH + HO,— H,0 + O, ki, = 4.6(—11) exp (230/T)
35 OH+O—->H+0, ki = 2.2(—11) exp (120/T)
36 HO, + O—OH + 0, ki = 3.0(—11) exp (200/T)
37 NO, + 0> NO + O, ky; = 6.5(—12) exp (120/T)
38 N,O + O('D) - NO + NO kig = 6.7(—11)
39 N+NO—->N,+0 kyo = 3.4(—11)
40 H, + O('D)— OH + H ks = 1.0(—10)
41 CH, + O('D) = CH, + OH ky = 1.4(—-10)
42 CH,0 + OH — H,0 + HCO ks = 1.0(—=11)
43 HCO + 0,— CO + HO, k4 = 3.5(—12) exp (140/T)
44 Cl + HO, — HCl + O, ksy = 1.8(—11) exp (170/T)
45 HNO,; + O— OH + NO, kys = 3.0(—17)
46 OH + HO,NO, — H,0 + O, + NO, k4 = 1.3(—12) exp (380/T)
47 CH, + O('D) - H, + CH,0 47 = 1.4(—11)
48 OH + CH,00H — H,0 + CH;0, ks = 1.0(—11)
49 OH+OH—-H,0+0 ko = 4.2(—12) exp (—240/T)
50 ClO + OH — Cl + HO, kso = L.1(—11) exp (120/T)
51 HOCI + OH — H,0 + ClO ks, = 3.0(—12) exp (—500/T)
52 Cl + CH,0 — HCl + HCO ks; = 8.1(=11) exp (—30/T)
53 HO,NO, + M — HO, + NO, + M ks3 [DeMore et al., 1987]
54 H + HO,—> H, + O, ksy = 7.4(—-12)
55 H + HO, - H,0 + O kss = 3.2(—12)
56 H + HO,— OH + OH kse = 7.0(—11)
57 NO + NO, — NO, + NO, ks; = 1.7(—11) exp (150/T)

Binary reactions (in units of cm> s ') are from Table 1 of DeMore et al. [1987]. In the rate constants,

read 8.0(—12) as 8.0 x 107'2,

Diurnal Variations

The families and species which are transported in this
model do not exhibit diurnal variations, but the diurnal
behavior of individual species must be taken into account to
calculate photochemical production and loss for families and
species. Species which disappear rapidly after sunset for this
altitude range, including OCGP), O('D), N, NO, Cl, H, OH,

and HO,, are assumed to be zero at night. The daytime
average values of NO, and ClO are required to calculate the
odd oxygen loss due to reactions NO, + O and CIO + O.
The daytime values of these species depend upon the day-
time values of reservoir species N,Os and CIONQ,. Both of
these species exhibit large diurnal variations, building up at
night and decreasing during the day. The nighttime produc-
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TABLE 3. Tertiary Reactions and Rate Constants
Low Pressure Limit* High Pressure Limitt
Reaction

No. Reaction %, cm®s™! n K0 cm? s~! m
S8 0+0,+M—-0;,+M 6.0(—34) 2.3
59 H+0,+M—HO,+M 5.7(—32) 1.6 7.5(—11) 0
60 OH + OH + M— H,0, + M 6.9(—31) 0.8 1.0(—11) 1
61 OH + NO, + M— HNO; + M 2.6(—30) 3.2 2.4(—11) 1.3
62 ClO + NO, + M — CIONO, + M 1.8(—31) 34 1.5(—11) 1.9
63 HO, + NO, + M — HO,NO, + M 1.8(—31) 3.2 4.7(—12) 1.4
64 NO,+ O+ M—->NO, + M 9.0(-32) 2.0 2.2(—11) 0
65 NO, + NO, + M— N,0O; + M 2.2(—-30) 4.3 1.5(—12) 0.5
66 CH, + 0, + M— CH,0, + M 4.5(-31) 2.0 1.8(—12) 1.7
67 HO, + HO, + M—> H,0, + O, + M ket

68 OH + HO, + M—> H,0 + O, + M kst

Tertiary reactions ar;_ﬁrom Table 2 of DeMore et al. [1987]. Tertiary rate constants are given by k = [ko(TDV[1+ ko(T) [M1/k(T)]

0.6{! * HogiothaMIMVA«(TNI} " Read 6.0(—34) as 6.0 x 10734,
*Low pressure limit is ko, = k3% (7/300)".
tHigh pressure limit is k.(T) = k3°°(T/300)" .
See DeMore et al. [1987].

tion of CIONO, and N,Os at the expense of NO, is calcu-
lated at each grid point for each time step. The calculation is
simplified by assuming for each grid point and time step that
the difference [NO,] — [HNO;] — [HO,NO,] = v is fixed.
Similarly, [Cl,] ~ [HCI] — [HOCI] = Bis assumed fixed. The
sunset values of N,O; and CIONO, are calculated from their
current daytime average values, accounting for daytime
production and loss processes. The sunset value of NO,, a
necessary boundary condition for the nighttime calculation,
is the difference y — 2[N,O>"™" — [CIONO,]*""**'; the
sunset value of ClO is the difference 8 — [CIONQ,]*“™*t,
The nighttime increases in N,O4 and CIONQ, are calculated
by integrating

TABLE 4. Photodissociations

Maximum
Reaction Wavelength
No. Reaction for Photolysis
69 0,—-0+0 Jeo < 242 nm
70 0,— 0, + O('D) Joo < 310 nm
71 0;— 0, + 0CP) J7 < 1140 nm
72 NO—-N+O J7> < 191 nm
73 NO,—- NO + O J77 < 400 nm
74 NO;— NO, + O J74 < 700 nm
75 NO; — NO + O, J75 < 700 nm
76 N,0s = NO, + NO, J16 < 380 nm
77 N,O— N, + O('D) J77 < 240 nm
78 HNO, — OH + NO, Joy < 546 nm
79 HO,NO, — OH + NO, J79 < 330 nm
80 CIONO, — Cl + NO, Jgo < 450 nm
81 H,0 - H + OH Jg1 < 191 om
82 H,0,— OH + OH Jg» < 265 nm
83 CH,0 - HCO + H Jg3 < 330 nm
84 CH,0 — H, + CO Jg4 < 360 nm
85 CH,00H — CH;0 + OH Jgs < 350 nm
86 HCl— H + CI Jge < 220 nm
87 HOCl— OH + Cl Jg7 < 420 nm
88 CCl, — 4(Cl) + products Jgg < 216 nm
89 CH;Cl — (Cl) + products Jygo < 216 nm
90 CFCl; — 3(Cl) + products Jop < 260 nm
91 CF,Cl, — 2(Cl) + products Jor < 240 nm
92 CH,CCl; — 3(Cl) + products Joy < 240 nm

The cross sections are taken from DeMore et al. [1987]. Schu-
mann-Runge bands of O, and the gamma bands of NO are taken
from Allen and Frederick [1982].

[N>,O
[—az, o kno, N0, MINO3IINO,JIM] — ky 0, M[N2Os]M]
N
J[CIONO
ACIONOa] _ kcio.n0, M[CIO]INO;][M] )

at

noting that both [NO,] and [CIO] are functions of time.

Further, it is assumed that nighttime NO; is in steady state

and can be replaced in (1) by solving

d[NOs]
ot

= kn,0,M[N205IM] + kno,.0[NO,][0s]

— kno,NO,MINO3IINO IM]=0  (3)

for [NOs]. These new dawn values for [CIONO,] and [N,O4]
are used with daytime production and loss processes to
calculate the ratios [CIONO,]“¥/[NO,]"*Y and [N,O,]9*Y/
[NO,]¥¥, which are needed in the partitioning of total odd
nitrogen, as described in the following section on family
approximations.

Family Approximations

There are three chemical families that are transported in
the basic model: O, = O + O; + O('D); NO, = N + NO +
NO, + NO; + 2 N,O5 + HNO; + HO,NO, + CIONO,; and
CL, = Cl + CIO + HCI + HOCI + CIONO,. We assume that
family member species are in photochemical equilibrium
with each other because the reactions that produce inter-
changes among members of a family are rapid compared
with the photochemical, transport, and diffusive processes
that produce a net change in the family concentration. The
general strategy for using family chemistry in this model is
outlined using the NO, family as an example. The net
photochemical production for NO, is the reaction of N,O
with O('D). The only stratospheric loss of NO, is the
reaction N + NO. This must be written as a function of NO,,
using the daytime ratios N/NO, NO/NO,, and NO,/NO,:

. [N] [INO] P[[NO;]
NNOINO] [[NO,] | |[NO,]

The daytime ratios N/NO and NO/NO, are formulated
simply, using the production and loss reactions

Loss =

2
] [NO,? @)



9866

TABLE 5. Wavelength Bands and
Corresponding Solar Fluxes

Wavelength Band, Solar Flux,

nm cm ?s”!
121.567 3.00(11)
170.0-172.4 7.00(11)
172.4-173.9 1.00(11)
173.9-175.4 1.00(11)
175.4-177.0 1.74(11)
177.0-178.6 2.10(11)
178.6-180.2 2.38(11)
180.2-181.8 3.04(11)
181.8-183.5 3.19(11)
183.5-185.2 2.93(11)
185.2-186.9 3.62(11)
186.9-188.7 4.73(11)
188.7-190.5 5.61(11)
190.5-192.3 6.63(11)
192.3-194.2 6.90(11)
194.2-196.1 9.56(11)
196.1-198.0 1.15(12)
198.0-200.0 1.27(12)
200.0-202.0 1.52(12)
202.0-210.5 1.12(13)
210.5-219.8 3.47(13)
219.8-229.9 5.53(13)
229.9-241.0 6.00(13)
241.0-253.2 8.10(13)
253.2-266.7 2.31(14)
266.7-281.7 4.16(14)
281.7-285.7 1.52(14)
285.7-298.5 9.03(14)
298.5-303.0 3.22(14)
303.0-307.7 4.23(14)
307.7-312.5 4.95(14)
312.5-317.5 5.44(14)
317.5-322.5 5.93(14)
322.5-337.5 2.29(15)
337.5-357.5 3.42(15)
357.5-377.5 3.96(15)
377.5-397.5 4.08(15)
397.5-547.5 6.72(16)
547.5-735.0 9.81(16)

Read 3.00(11) as 3.00 x 10"

(N] _ Jno
[NO] &N NOINO] + kN 0,[0:]

8))

[NO]
NO,] {Nno, T INo,— NO + 0[NO3JINO,] + kno, 0[O}

* {kno0.0,[03] + kcio.NO[CIO] + kno, No[HO2]

+ ke,0,,No[CH30,] + knono [NOs T ! (6)

An expression for the daytime ratio NO,/NO, is derived
from the definition of NO,; daytime ratios of each species to
NO, are required.

[Noﬂz{l [N] _ [NOJ  [NO;] [HNO;]

[NOy] [NO,] [NO,] [NO;] [NO,]
2[N,0s] [HO,NO,] [CIONO,]) ' .
NO;] T [NOj ' [NOj @

Expressions analogous to the NO/NO, ratio are derived for
ratios such as HNO,/NO, and HO,NO,/NO,. The ratios
N,O,/NO, and CIONO,/NO, are formed accounting for their
diurnal cycles, as described previously. After calculating the
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updated value of NO, by solving the species continuity
equations, the individual species concentrations are calcu-
lated using these ratios.

Solution of the Species Continuity
Equation

The central calculation of this and other models is solution
of the longitudinally averaged species continuity equation:

6)(_

ryiia A Vx+ S —D(y) 8)

Here y represents a species concentration, v is the wind
field, and the first term on the right is advection by the
circulation. The photochemical source term S is equal to the
difference in the photochemical production and loss terms
and is dependent on reaction rate constants, photolysis
rates, and other species concentrations. The diffusion term
D represents small-scale mixing and also includes the effects
of planetary waves and gravity waves.

Assuming that the changes in species concentration for
one time step are small, the photochemical terms in the
species continuity equations can be evaluated using the
previous time step’s values for all species concentration.
This assumption was tested during developmental stages of
the model. Results using this approximation were compared
with results in which the species solutions are obtained
simultaneously using Newton-Raphson iteration with ex-
plicit time differencing at each point and alternating direction
of integration [Guthrie et al., 1984]. The speed of the model
was found to increase substantially, but the model results
were unchanged. Further increases in the model speed were
obtained by the implementation of process splitting, that is,
by assuming that the advective forcing in the continuity
equation can be separated from the diffusive and photochem-
ical forcing [McRae et al., 1982]. It is assumed that the
photochemical source term § may be written

S=P-Ly )

where P is the production, L is the loss frequency, and y is
the species concentration. For species in which the loss
process is not linear, the photochemical loss is represented
by a Taylor series expansion,

d Loss

= 0+ t_ 0
Loss = Loss (") + (x' — x% ox

(10
x=x
where the superscripts 0 and ¢ refer to the previous and
current time steps, respectively. The constant terms are
combined with the production and the coefficient of y' is
treated as L to produce an equation that is analogous to (9).
The continuity equation (8) is written in difference form,

X=X _x-x
At At

+(P - Lx") - D(x) (1n
where x’ is the result, x° the initial condition, and ¥’ is the
advected field. In this model the advected constituent ficld is
calculated using an accurate, efficient, and nondispersive
scheme, which was developed by Prather [1986]. The final
constituent values are calculated by solving (11) for "

.+ (P —D(x)Ap
X = (1 + LAY

(12)
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The model time step is usually 1 day; however, for some
wind fields this time step may exceed the Courant limit (that
is, the distance moved is greater than the grid spacing),
especially near the tropopause. In this situation the advec-
tive time step is reduced to 0.5 or 0.25 day, as necessary.
The advective scheme is applied successively to calculate
the result of 1 day’s advection; this result is then used in (12)
with a 1-day photochemical and diffusive time step. An
advantage of this solution scheme is that for species near
photochemical equilibrium, when P and Ly in (11) are large
compared to the advective and diffusive terms and are nearly
equal to each other, the solution given by (12) reduces to
x' = P/L, the photochemical equilibrium limit. The Prather
[1986] transport scheme, which conserves first- and second-
order moments of a tracer distribution as well as the total
tracer mass, does not create negative mixing ratios as long as
the Courant condition is satisfied and does not require
diffusion to be stable.

Description of Experiment

To test the validity of the family approximations, HNO,,
HO,NO,, N,Os, and CIONO, are transported separately
from NO, = N + NO + NO, + NO;. The reactions in which
HNO,, HO,NO,, N,Os, and CIONO, are produced and
destroyed are treated as loss and production for NO..
Modifications to the transport equation are required because
the diurnal cycles of N,Os, CIONO,, and NO, must now be
considered. The advection and diffusion schemes act on the
24-hour average field, and the 24-hour average production
and loss are calculated. For HNO; and HO,NO, the reac-
tions that are needed for production and loss frequency are
the same reactions that are used to define the ratios HNO,/
NO, and HO,NO,/NO,, e.g.,

[HNO;]  kno,.on.m[OHIIM]]
[NO,] ko Hno[OH] + Juno,

P(HNO;3)no, = kon.No, MIOH][NO,][M]

(13)

(14)

L(HNOs)no. = JuNo, T kuNo,.on[OH] (15)

For production P (loss frequency L) the species in parenthe-
ses is the species being produced (lost) by reactions involv-
ing the loss (production) of the family or species that is the
subscript. For N,O; and CIONO,, nighttime production is
calculated by integrating (1) and (2). The updated fields [X]**
calculated from (12) are related back to daytime average
values [X]9, following Turco and Whitten [1978], by

[XP*=fIX]Y + (1 = AIX]"=[XIDLf+ (1 = )A]  (16)

where f is the fraction of day and A is the ratio of the
nighttime to daytime average concentration. This ratio,
considered to be 1 for 24-hour night, is calculated daily from
a detailed consideration of the diurnal cycles of N,Os and
CIONO,, as described previously.

Because the total NO, should be the same for both
calculations, it must be true that the net production and loss
of NO, is unchanged. This, in turn, implies small day-to-day
changes in species concentration, illustrated by considering
(12) for the four transported species and the family that are
part of odd nitrogen

[HNO;]' + L(HNO3)no [HNO3]'Ar = [HNO; )
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+ [LINO)uno,[NO,I’ — D[HNOs])JAr  (17)

[HOzNOz]I + L(HOzNOZ)NOY[HOZNOZ]’At = [HOzNOZ]’

+ [LINODuono[NO,I° = D[HO,NO,1)JAr  (18)
[CIONO,]' + L(CIONO,)no [CIONO,]'Af = [CIONO,]
+ [L(NO,)ciono[NO,’ — D(CIONO,I'T1Ar  (19)
2{[N,05]" + L(NyOs)no [N205]'At = [N,O5]'
+ [LINOyn,0, — D(IN,Os])]Ast - (20)

[NO,]" + l}j L(NO,)x + L(NOX)][NOX]’AI =[NO,J

+ [2 LX)no[XJ' + P(NO,) — D([Nox]v]m @

For terms L(X),, the species X is being lost by reactions that
result in the production of Y. The unsubscripted terms
L(NO,)and P(NO,) in (21) represent the reactions that result
in net changes in NO, species by producing NO, from N,O
and N, and destroying NO, by reacting N with NO. The
summation in (21) includes the four species that are now
transported separately. Loss of one of the four species in
(17)—(20) to produce NO, appears as production of NO, in
(21). The sum of (17)-(21) must be

[NO,]’ + LINO,)[NO,]'At

=[NO,]' + [P(NO,) — D(INO,]')]At (22)

Several approximations must be satisfied for the sum of
(17)—(21) to equal (22). Because the transport and diffusion
operators are linear, the sums of the transported terms and
the diffusion terms from (17) to (21) will equal the corre-
sponding terms in (22) if the separate calculation does not
produce differences in the gradients of the species distribu-
tions. The sums of the photochemical terms in (17)—(21) will
equal the net production and loss in (22) only if there is
cancellation among the terms, e.g.,

L(HNOj3)no [HNO3]' = L(HNO3)no [HNO;]’ = P(NO,)yno,

(23)

In situations where photochemical processes control the
family member concentrations, there are still differences in
the formulation, illustrated by consideration of HO,NO,.
The family approximation requires

kno,.No, M[HO2][M]

HO;NO,]" =
[HO:NO,] Juo,No, T kon.Ho,No,lOH]

[NO,l"  (24)

Neglecting transport, because the photochemical terms are
calculated using the previous day’s species concentrations,
the separate calculation implies

kno,no, M[HO;][M]
JuoNo, + kuo,No,.onOH]

[HO,NO,|' = [NO,I® (25

Agreement between the family and separate calculations
therefore implies that for the odd nitrogen species [X]" =
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[X]°, i.e., that the day-to-day changes in the species concen-
trations are small. This is important because this assumption
is central to our use of the previous day’s values to calculate
the photochemical terms throughout the model.

RESULTS

Ambient Atmosphere

The Family Transport Model (FTM) and the Separate
Transport Model (STM) in which HNO,, HO,NO,, N,Os,
and CIONO, are transported separately from NO, were used
for 20-year simulations. At equinox the two models produce
similar results. To illustrate the validity of the photochemical
equilibrium assumption relating HNO, to NO,, the HNO,/
NO, from the STM and FTM are compared in Figure 1. In
the FTM it is assumed that HNO; is given by (13) times
[NO,]J", where [NO,] is calculated from NO, using (7). In the
STM the calculation of HNOQ, from (12) allows for transport
and diffusion effects and, furthermore, does not assume
instantaneous photochemical response of HNO,. The two
ratios are nearly equal, except at high latitudes. Large
differences are confined to the troposphere and lower strato-
sphere; the largest differences are found in the spring hemi-
sphere.

At solstice there are marked differences in HNO; and in
the other odd nitrogen species. For HNO, (Figure 2) the
winter differences are attributed both to separate transport
and to failure of the photochemical equilibrium approxima-
tion. The high-altitude differences in the winter hemisphere
are produced by downward transport of low values of HNO,
in the STM. In the FTM, when photochemical production
and loss are both zero, the ratio HNO,/NO, is fixed to its last
value before polar night. Consequently, during winter the
FTM HNO; values at high-altitudes remain fixed. Between
100 and 10 mbar the STM HNO, peak values are transported
to lower altitudes during winter. In the FTM, values of
HNO; are very low, reflecting the decrease in NO, as winter
approaches. The solution to the continuity equation neglect-
ing transport is

(HNO3/N02)°™ / (HNO3/N02)T ™
0.1 T T T T T T 7 7T T T T 7T T 71 65
L, . [ 60
[~ <=2 s > L 55
1 E 1 1 j—c\/_- 50
AL SR - 45
| 40
| 35

. 30

Li%

-90 -60 -30 O 30 60 80
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Fig. 1. HNO,/NO, from the separate transport model (STM)
compares well with the photochemical equilibrium ratio HNO,/NO,
from the family transport model (FTM). The ratios are nearly equal,
except at high latitudes in the troposphere and lower stratosphere,
with largest differences in the spring hemisphere.
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Fig. 2. There are substantial differences at high latitudes in the

winter hemisphere for HNO, transported separately (solid curves)
and through family approximations (dashed curves).
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[HNO;] = g (1 — e~ 129 + [HNO; % ~ Lar (26)
where P = kou.no,m[OHIINO,] and L = Jyno, +
kor.nno,JOH]. The FTM requires that the solution be approx-
imated by its photochemical equilibrium limit, [HNO,]’ = P/L,
and does not consider that the photochemical lifetime of HNO,
becomes long (i.e., e %4 — 1) and that [HNO,]’ should be
closer to [HNO,]° than to P/L. Because HNO,/NO, takes an
unrealistically low value and because NO, is nearly unaffected
by these differences in odd nitrogen species partitioning (Figure
3), the values of other odd nitrogen species, especially N,Os,
become large (Figure 4). These differences in odd nitrogen
partitioning are significant for half the year, but they disappear
as summer approaches. In Figure 5 the difference in HNO,
calculated by the two formulations for a repeating annual cycle
is given at 85°N, as a function of time. The differences become
significant about 20 days past the fall equinox and persist until
about 10 days past the spring equinox. It may be possible to
improve family approximations by accounting for the time lags
from (26) instead of assuming instantaneous photochemical
equilibrium.

June
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Fig. 3. Total odd nitrogen for the STM (solid curves) compares
well with total odd nitrogen for the FTM (dashed curves).
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Fig. 4. Solstice N,Os from the STM (solid curves) compares
well with N,Os from the FTM (dashed curves). N,Os levels in the
FTM are higher than the levels in the STM in the winter hemisphere.

v
-60

The differences in NO, calculated by the STM and FTM
(Figure 3) are much less than the differences in partitioning
among the species. As discussed previously, the agreement
of NO, would imply cancellation of terms, for example, the
productlon of NO, from N,O5 (2 L(N,Os)no, [N,O51%) with
the loss of N,O5 (2 L(N,Os)no, [N,Os]), and the production
of NO, from HNO, (L(HNO3)N0 [HNO,]% with the loss of
HNO; (L(HNOj)no, [HNO;]). The errors in cancellation
depend on the sign and rate of the species concentration
change, for example, the production of NO, from N,Os
exceeds the loss of N,Os when N,O; is decreasing. The
small differences observed in NO, in this experiment suggest
the validity of the assumption of slow day-to-day changes in
species concentrations for the FTM.

Total Cl, = Cl + ClO + CIONO, + HCI + HOCl is nearly
identical in both models. In the STM, as for HNO,, CIONO,
is transported to the lower stratosphere during the winter
(Figure 6a), and the differences persist at equinox (Figure

HNO3 (SEP) — HNO3 (FAM) (ppbv) 85 N
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-_— ———0_T
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x
o C | 25 .
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SE— | 10 «
s L 5
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0 60 120 180 240 300 360
DAY OF YEAR
Fig. 5. The difference between HNO; transported separately

and from famuly approximations for a repeating annual cycle be-
comes significant at about day 280 (October 10), and after an initial
rise it remains nearly constant until about day 90 (April 1).
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Fig. 6a. CIONO, differences are pronounced in the winter
hemisphere, where large values of CIONO, are transported down-
ward in the STM but not in the FTM. The lower stratosphere (15-25
km) values of CIONQ, are substantially larger in the STM than in
the FTM at high latitudes, even at summer solstice.
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6b). The STM maintains slightly higher values of CIONO,
(and slightly lower values of CIO) in the lower stratosphere
through most of the year. This contrasts with odd nitrogen
partitioning; although there are large wintertime differences
in the calculated values of HNO; and N,Os, these differ-
ences are less long-lived.

Although there are substantial high-latitude differences in
both odd nitrogen and odd chlorine species, the calculated
ozone distributions are remarkably similar. Contours of
ozone calculated by the STM and FTM are compared at
equinox and solstice in Figure 7. The good agreement is
observed because the differences in NO, and ClO are
confined to the high-latitude lower stratosphere, where pho-
tochemical forcing of ozone is minimal.

Perturbed Atmosphere

The percent difference in the column ozone for a pertur-
bation in which Cl, increases from 2.5 to 8.2 parts per billion

CIONO2 (ppbv) STM (solid) FTM (dashed) Mar
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Fig. 6b. CIONO, values in the lower stratosphere agree at high
latitudes by the end of summer (in the fall hemisphere), but they are
substantially higher in the STM at high latitudes in the spring
hemisphere.
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Fig. 7a. Ozone at equinox is nearly identical for the STM and the
FTM, in spite of the high-latitude differences in trace species.

by volume (ppbv), N,O increases by 20%, and CH, doubles
is given as a function of latitude and season in Figure 8a for
the FTM. The ratio of the percent column change for the
FTM to the percent column change for the STM is given in
Figure 8b. The average annual O; column change is the same
(—2.4%) for both calculations. The major latitude and tem-
poral structures are also the same; however, the changes
from the FTM are somewhat smaller in the southern hemi-
sphere and larger in the northern hemisphere when com-
pared to the STM. The percentage changes in local ozone are
given at each altitude and latitude for March and June in
Figures 9a-9b. Above 25 km, the FTM and STM produce the
same ozone responses, indicating that the small differences
in odd nitrogen and chlorine species partitioning here do not
have a substantial impact on the calculation. There are larger
differences in the lower stratosphere; these are observed
because of a consistent difference in CIONO,. A larger
proportion of odd chlorine is tied up in CIONO, in the
separate transport case (Figures 6a—6b); this is reflected by a
smaller concentration of ClO in the lower stratosphere. The
total loss at 25 km is as much as 20% larger at high latitudes

03 (ppmv) STM (solid) FTM (dashed) June
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Fig. 7b. Same as Figure 7a, but for solstice.
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Fig. 8a. The change in column O, calculated by the FIM in
response to a perturbation in which Cl, increases from 2.5 to 8.2
ppbv, N,O increases by 20%, and CH, is doubled.
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for the FTM, because of larger ClO values. This difference in
ozone response is least in the winter hemisphere, as seen by
comparing southern and northern high latitudes in Figure 95.
In spite of the difference in the lower stratosphere, the major
features of the latitude, altitude, and seasonal behavior of
the ozone response produced by the STM are reproduced by
the FTM. This pattern of ozone response, with the largest
ozone depletions at high latitudes, is produced by other
models and has previously been discussed [WMO, 1986].

DiscussioN AND CONCLUSIONS

A fast two-dimensional model has been used to compare
calculations of ambient and perturbed atmospheres in which
odd nitrogen species are transported as a family, with
calculations in which HNO;, N,O4, CIONO,, and HO,NO,
are transported separately. There are differences in species
partitioning, particularly in the high-latitude lower strato-

[A03 col(FTM)]/[A03 col(STM)]
T l‘ T !

x| ) |

[~

(=]
=T T T JTel T
[

=

LATITUDE (DEG)
o
e

120 180 24
DAY OF YEAR

Fig. 8b. The ratio of the change in column O, calculated by the
FTM to that calculated by the STM is less than 1 at high southern
latitudes and greater than | at middle northern latitudes. The major
temporal and spatial characteristics of the total ozone changes are
the same.

300 360
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Fig. 9a. The percent change in local O, calculated by the STM
(solid curves) compares well with the change calculated by the FTM
(dashed curves) at equinox. There are some differences in the
calculated response at 30 km and below, especially in the spring
hemisphere.

sphere during winter. The ozone distributions computed for
a present-day atmosphere are nearly identical. For increased
levels of Cl, the differences in the ozone distributions are
somewhat larger, and there are some differences in the
latitudinal distributions of ozone changes calculated by the
two models. Although the difference in the percent change in
total ozone is as large as 1-2% at southern high latitudes, it
should be noted that the accuracy of this type of model is
limited. For example, calculations are uncertain because of
uncertainties in photochemical input data, including reaction
rate constant data, photodissociation cross sections, and
solar flux values, as discussed for a one-dimensional model
by Stolarski and Douglass [1986]. The accuracy of the
calculations is also limited by the photochemical behavior of
the troposphere, especially through the source gases CH,,
CH.CI, and CH,CCl,, whose stratospheric levels depend on
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Fig. 9b. The percent change in local O, calculated by the STM
(solid curves) compares well with the change calculated by the STM
(dashed curves) at solstice. There are some differences in the
calculated response at 25 km and below 1n the summer hemisphere.
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tropospheric OH. The model total ozone is sensitive to the
circulation in the lower stratosphere and upper troposphere;
the ozone distribution and the distribution of ozone changes
are sensitive to the diffusion coeflicients [Jackman et al., this
issue]. The residual circulation and K, used in this model
are calculated to be consistent with each other and produce
distributions of total 05, N,O, and CH, that are in good
agreement with available data for the current atmosphere.
These may change not only through feedback processes
(heating rate changes produced by ozone changes), but also
as a result of changes in the tropospheric forcing. The
differences in response of the STM and FTM for a standard
perturbation of chlorine, nitrous oxide, and methane is
within the accuracy range implied by these sensitivities. For
assessment calculations, particularly studies of many multi-
year scenarios that place large demands on computer re-
sources, and for studies concerning sensitivity to dynamical
assumptions and inputs, to photochemical input data, and to
tropospheric trace gas behavior, family approximations are
adequate. For detailed comparisons of odd nitrogen species
with data, separate transport of species such as HNO,,
N,Os, and CIONO, is necessary. Because both column and
profile measurements of HNQ, are available throughout the
year and because there are substantial differences in the
values of HNO; produced by the FTM and STM (Figure 3),
subsequent investigations of the atmosphere using this
model will include HNO; as a separately transported spe-
cies.

There is agreement between NO, distributions for the
FTM and STM, indicating no differences in the net produc-
tion and loss of NO,. This supports the model assumption of
the FTM that photochemical forcing terms can be approxi-
mated. using previous time step species concentrations.
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